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Abstract
Cecropin A and B, below or near their minimum inhibitory concentrations in viable Escherichia coli, interfered with the
rapid NaCl-induced hyperosmotic shrinkage of the cytoplasmic volume (plasmolysis), and also activated the promoter of the
hyperosmotic stress gene osmY. The same promoter was also expressed by hyperosmolar NaCl or sucrose, two of the most
commonly used antimicrobial food preservatives. Stress responses were monitored during the logarithmic growth phase of E.
coli strains that contain specific promoters fused to a luxCDABE operon on a plasmid. The luminescence assay, developed to
monitor the transcriptional response to stresses, is based on the premise that organisms often respond and adapt to sublethal
environmental adversities by increased expression of stress proteins to restore homeostasis. The luminescence response from
these fusion strains to a specific stress occurs as the transcription at the promoter site is activated. Cecropins induced
luminescence response only from the osmY^luxCDABE fusion, but not the corresponding stress promoter activation
associated with macromolecular or oxidative damage, or leakage of the cytoplasmic content including the proton gradient.
The inhibitory effect of cecropins on plasmolysis is interpreted to suggest that the primary locus of action of these
antimicrobial peptides in the periplasmic space is on the coupling between the inner and outer membrane. ß 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Antimicrobial peptides and proteins, produced by
a wide range of organisms [1^3], are of interest be-
cause their very existence suggests strategies towards
target selectivity, and possibly evolutionary solutions
to the problem of antibiotic resistance. For example,
polymyxins produced by Gram-positive Polymyxa
spp. are active against Gram-negative organisms
[4]. Similarly, magainins from frog skin [5,6], cecro-
pins by insect larvae [7], and defensins from higher
animals [1,8] do not cause signi¢cant damage to or-
ganisms that produce them, yet they target other
organisms. Many of these antimicrobial peptides
are cationic, and they interact strongly with the
anionic lipopolysaccharide rich outer layer of
Gram-negative organisms [1,4], as well as with the
anionic cytoplasmic membrane containing a signi¢-
cant mole percent of anionic phospholipids. It is gen-
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erally assumed that the basis for the antimicrobial
e¡ect of such membrane-active peptides lies in their
ability to cause depletion of the gradients by chan-
nel formation [9,10] or by a gross change in the
membrane organization [11^18]. Many of these
amphiphilic peptides do in fact perturb the bilayer
organization stabilized only with non-covalent inter-
actions; however, these mechanisms cannot account
for the target selectivity shown by many of these
antimicrobial peptides.
In search of the primary stress induced by cecro-
pins, we have developed strategies and protocols to
examine their e¡ect against strains of Escherichia coli
that give luminescence signal in response to the acti-
vation of speci¢c stress promoters. Thus the stress
response was monitored in real time during the
growth phase with viable cells. By obligatorily cou-
pling the transcription of a speci¢c stress promoter to
the bacterial luminescence reporter luxCDABE oper-
on on a plasmid introduced in E. coli, the fusion
strains produce luminescence in response to the spe-
ci¢c stress at sublethal concentrations [20^26]. The
luminescence response to a speci¢c stress is limited
only by the transcriptional events, and of course by
the availability of ATP and reducing power required
for the luminescence reactions. Thus, measurement
of stress response is carried out with living and viable
cells below the minimum growth inhibitory concen-
trations (MIC). In short, the basis for this technol-
ogy to monitor the stress induced by cecropin lies in
the fact that organisms often respond and adapt to
sublethal environmental adversities by increased ex-
pression of stress proteins to restore homeostasis
[19]. Extension of the stress^response results to de-
termine a basis for the antimicrobial e¡ect is based
on the assumption that continued excessive stress
leads to stasis, and ultimately to cell death.
Protocols and controls described in this paper
identify the stress which could be a basis for the
antimicrobial e¡ect of cecropins. Results show that
cecropins induce an stress, whose transcriptional end
result is the same as that of hyperosmotic NaCl or
sucrose in the growth medium, i.e., transcription of
an osmoregulated gene. The leakage of cytoplasmic
content is also ruled out as the basis for the cecropin-
induced stress. In addition, cecropin rapidly inter-
feres with plasmolysis, i.e., shrinkage of the cytoplas-
mic volume in response to a hyperosmotic shock
with NaCl. Cecropin B: KWKVFKKIEKMGRN-
IRNGIVKAGPAIAVLGEAKAL-NH2 ; cecropin A:
KWKLFKKIEKVGENIRDGIIKAGPAVAVVGEAT-
EIAK-NH2 ; NP or PxB-nonapeptide: TdddFLddT
(d =K,Q-diamino-L-butyric acid).
2. Materials and methods
2.1. Reagents
CCCP (carbonylcyanide m-chlorophenylhydra-
zone) was provided by Dr. Heytler (DuPont). The
purity and identity of cecropin A and B (Bachem)
and polymyxin-nonapeptide (Boehringer), was con-
¢rmed by analytical HPLC, amino acid analysis
and fast atom bombardment mass spectrometry
(FAB-MS). Detailed protocols for the use of lumi-
nescence assay to monitor stress induced by antimi-
crobial agents will be published later; however, sali-
ent details relevant to the present studies with
cecropins are outlined below.
2.2. Media, fusion strains and growth conditions
Construction and characterization of the lux fu-
sion-strains (Table 1), from the same parental strain
of E. coli RFM443, used in this study has been de-
scribed for strains TV1061 [25], DPD2794 [30],
DPD2511 [20], DPD2146 and DPD2170 [31]. E.
coli strain TV1048 harbors a plasmid-borne fusion
of the E. coli lac promoter to the Vibrio ¢sheri lux-
CDABE operon. The plasmid, pLacLux, in this
strain was constructed by ligation of 232 bp PvuII
to EcoRI fragment of pUC19 [32] into SmaI and
EcoRI digested pUCD615 [33]. The plasmid was
placed by CaCl2-mediated transformation into E.
coli strain RFM443 [34] to yield strain TV1048.
Antibiotic selection appropriate for each plasmid
was used in the growth medium for all experiments.
Typically, growth and luminescence measurements
were carried out at 30‡C with shaking at 200 rpm
in LB medium containing kanamycin monosulfate or
ampicillin (50 Wg/ml) to maintain the plasmid. The
OD600 (Spectronix 2000, Bausch and Lomb) at 600
nm of the growth medium was measured after 5- to
15-fold dilution in the medium at the indicated inter-
vals. When OD600 reached 0.2, 5 ml culture broth
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was transferred to a 25-ml £ask, followed by the
addition of appropriate concentration of the inducer
(Table 1), or cecropin or other controls. The inducer
solutions were pre¢ltered through a 0.2-Wm ¢lter.
Luminescence of the culture broth was monitored
without dilution by transferring 0.2 ml aliquot to
1.5-ml polyethylene tubes (Turner Design) on a
Model 20e Turner Design luminometer preset at a
constant sensitivity. These signal values are expressed
as L/Lc31, where L is the observed luminescence
under a given set of conditions for the variable,
and Lc is the control luminescence without the var-
iable. The error bars are not shown because triplicate
runs typically showed less than 5% scatter in the
luminescence reading; however, as expected, a
change in the growth conditions has a signi¢cant
e¡ect. Independent controls also showed that the
cells are undisturbed and viable after the lumines-
cence measurements.
Plasmolysis in response to hyperosmotic stress [35^
37] was monitored as the change in 90‡ scattered
light intensity at 600 nm on SLM-Spectronic AB2
£uorimeter equipped with the standard computer
data acquisition system. Typically, these measure-
ments were carried out at 24‡C with 2 ml of magneti-
cally stirred suspension of cells (E. coli strain
RFM443) in LB medium, grown initially to the early
log phase at 30‡C, and then kept at 24‡C and used
within 3 h. Plasmolysis was initiated by adding an
appropriate volume of 4 M NaCl. Note that sucrose
is not suited for these measurements because the 90‡
scattering changes are sensitive to the altered refrac-
tive index [37]. The change in the scattered light in-
tensity is expressed as the normalized change, N= I/Ii,
where Ii is the initial intensity, and I is the time-
dependent intensity after the perturbation. Speci¢c
experimental details are given in the ¢gure legends.
3. Results
We characterize the e¡ect of cecropin A and B by
monitoring the long-term transcriptional response of
several fusion strains of viable E. coli, as well as the
virtually instantaneous response on the plasmolysis
or shrinkage of the cytoplasmic membrane induced
by hyperosmotic NaCl. Most of the studies reported
here are with cecropin B; however, the e¡ects of
both the cecropins are virtually identical. Results
summarized in Table 1 show that cecropin B induces
only the expression of osmY promoter in E. coli, and
that the pro¢le of cecropin B-induced stress is iden-
tical to that induced by hyperosmolar NaCl or su-
crose. Speci¢city for the cecropin-induced stress is
shown by a positive luminescence signal only with
the strain DPD2170 containing the osmotic stress
promoter osmY, which does not respond to other
stresses in fusion strains that, for example, respond
to heat shock, proton leakage, macromolecular or
oxidative damage (Table 1).
Additional controls are designed to rule out other
parallel e¡ects as the basis for the antimicrobial ac-
tion of cecropins. For example, speci¢c strains that
respond to other stresses are controls for nonspeci¢c
lethal e¡ects. CCCP was used to monitor the e¡ects
of the depletion of proton gradient [27]. The cation-
selective channel forming gramicidin A is e¡ective
against Gram-positive organisms, but not against
Gram-negatives [9] because it cannot cross the outer
membrane. However, gramicidin A becomes active
Table 1
Response of the stress-sensitive strains of E. coli to cecropin B and other additives
Gene : :lux Strain no. Stress inducer (conc.) Response toa
Cecropin NaCl Sucrose CCCP NP
grpEP TV1061 Protein/ethanol (0.5M) 3 3 3 3 3
recAP DPD2794 DNA/mitomycin C (0.3 mM) 3 3 3 3 3
katGP DPD2511 Oxidative/H2O2 (15 mM) 3 3 3 3 3
inaAP DPD2146 Proton leak/salicylate (1 mM) 3 3 3 + 3
lac TV1048 Limited carbon source (3) 3 3 3 3 3
osmYP DPD2170 Osmotic/sucrose (0.5 M) + + + 3 3
aAt 0.1 WM cecropin B, 0.3 M NaCl, 0.5 M sucrose, 10 WM CCCP, or 20 WM NP.
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against E. coli pretreated with the cationic PxB-non-
apeptide (NP), which binds to lipopolysaccharide
and makes the outer membrane of Gram-negative
organisms leaky for larger solutes [28,29]; further-
more, NP alone is a very weak antimicrobial and
exhibits the osmY response only above 25 WM.
3.1. Cecropin B-induced growth inhibition monitored
as a transcriptional stress response
The growth inhibitory e¡ect of cecropin B on the
constitutive lac^lux fusion strain TV1048 of E. coli is
shown in Fig. 1. In the plasmid of this strain, the lux
operon is coupled to the promoter for the lac operon.
Therefore, luminescence response is observed under
normal growth conditions with modest carbon star-
vation. Compared to the control, in the presence of
0.15 WM cecropin B the magnitude of the lumines-
cence response and OD change is smaller at any
given point in time. As the stationary growth phase
approaches, the luminescence response decreases
without a signi¢cant change in the OD (Fig. 1).
The stress response requires de novo mRNA synthe-
sis, and thus a decrease in luminescence in the sta-
tionary phase suggests a dramatic decrease in the
new transcription, or available ATP, or reducing
power. For such reasons, the luminescence response
from the stress-responsive strains with a speci¢c
stress promoter (Table 1) is measured in the log
phase of growth. The growth characteristics of these
strains are virtually identical under identical growth
conditions. On the other hand, background lumines-
cence from each strain is generally nonexistent or low
in the absence of the speci¢c inducer of the stress,
thus the signal to noise ratio for the response to a
stress is excellent.
The e¡ect of an antimicrobial on the growth,
measured as a change in OD and summarized later
in Figs. 4 and 5 for two other strains, shows that the
minimum inhibitory concentration at 1 h (MIC) of
growth is 0.1 WM for both cecropin A and B, and 10
WM for CCCP. NP is weakly inhibitory with MIC of
40 WM. Gramicidin A at 10 WM did not have any
e¡ect on the growth curve for TV1048 monitored as
the OD or the luminescence change; however, MIC
for gramicidin A was 1 WM in the presence of 5 WM
NP. Note that the strains listed in Table 1 are de-
signed to show luminescence response to speci¢c
stresses; however, MIC values for the various growth
inhibitors are virtually identical to that of TV1048.
Both cecropin and CCCP show a growth inhibi-
Fig. 2. Short-time luminescence response of TV1048 in the early
growth phase. Relative luminescence with varying concentra-
tions (in WM: 0.07 (a), 0.3 (E), 0.6 (O), and 1.0 (P)) of cecro-
pin B; or 5 WM (W) or 30 WM (3) CCCP added at time zero.
The luminescence response is expressed as the change with
CCCP or cecropin (L) relative to the change in their absence
(Lc).
Fig. 1. Growth pro¢les for the lac^lux fusion strain TV1048 of
E. coli. The growth at 30‡C was monitored as a change in OD
at 600 nm (circles) or as the luminescence increase (squares) in
the absence (open symbols) or presence (closed symbols) of
0.15 WM cecropin B.
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tory e¡ect on strain TV1048 in the log phase of
growth; however, the short-term e¡ects shown in
Fig. 2 are quite di¡erent. The luminescence decreases
rapidly on the addition of CCCP at 30 WM, and the
e¡ect is negligible below 10 WM. Such a rapid reduc-
tion in the luminescence is expected if the ATP levels
required for the luminescence reaction are lowered
due to a depletion of the proton gradient. The 0.1
WM cecropin B-induced decrease is virtually negli-
gible, and even at 1 WM, i.e., at ten times its MIC,
the luminescence decreases modestly and at a slower
rate. These results show that cells treated with 1 WM
cecropin have not lost their proton gradient, and
thus suggest that the cecropin B-induced stress is
qualitatively di¡erent than that induced by proton
leakage caused by CCCP.
3.2. Proton leakage and hyperosmolarity stress
response pro¢les are di¡erent
The luminescence change after the 60 min of
growth was used for the quantitative characterization
of the concentration dependence of the various
stresses listed in Table 1. These results show that
the stress response pro¢les of cecropin B and
CCCP below their respective MIC are distinctly dif-
ferent only with two strains, the hyperosmolarity-
sensitive DPD2170 and proton gradient-sensitive
DPD2146. As shown in Fig. 3, a modest increase
in the luminescence response with growth of
DPD2170 strain containing the osmY^lux fusion, is
enhanced not only by hyperosmolar NaCl or sucrose,
but also by cecropin B. Up to 25 WM NP did not
have any e¡ect, and 30 WM CCCP showed a modest
decrease in the luminescence response from this
strain.
A detailed comparison of the e¡ects of CCCP
(Fig. 4) and cecropin B (Fig. 5) on two strains that
distinguish between these two stresses show a qual-
itatively distinct behavior. The DPD2146 strain re-
sponds to the stress induced by internal acidi¢cation,
and DPD2170 responds to hyperosmolarity. The
CCCP concentration dependence of the luminescence
response from the two strains (Fig. 4) shows that the
response from the DPD2146 strain increases below
the MIC and then decreases above the MIC. This
biphasic response di¡ers from the monotonic re-
sponse of the hyperosmolarity-sensitive DPD2170,
which shows no change in the luminescence below
the MIC and only a decrease above the MIC. The
monotonic luminescence decrease with increasing
Fig. 4. E¡ect of [CCCP] on the luminescence response. The lu-
minescence response from the proton gradient sensitive
DPD2146 (R), and hyperosmolarity-sensitive DPD2170 (E) was
measured after 60 min of growth. The signal (L) as a function
of [CCCP] is plotted relative to the control signal in the ab-
sence of the additive (Lc). Dependence of the OD change for
DPD2146 is shown in the top panel.
Fig. 3. The time course of the change in the luminescence re-
sponse of DPD2170. Growth in modi¢ed LB medium was
monitored without added NaCl (a), after exposure to 30 WM
CCCP (E), 25 WM NP (O), 0.3 M NaCl (S), 0.50 M sucrose
(W), or 0.1 WM cecropin B (b).
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CCCP concentration, seen with all strains except
DPD2146 (Table 1), is attributed to the leakage of
protons and reduced ATP levels available for the
reaction responsible for the luminescence response.
The cecropin B concentration dependence of the
luminescence response from DPD2170 and
DPD2146 is compared in Fig. 5. Here the CCCP
sensitive strain shows a monotonic response. In con-
trast, the hyperosmolarity-sensitive DPD2170 with
osmY^lux fusion shows a biphasic response, i.e., a
luminescence increase below the MIC for cecropin
B. Since a similar biphasic response by DPD2170 is
also shown by hyperosmotic shock by sucrose and
NaCl [38], these results suggest that the transcrip-
tional end result of cecropins is the same as that of
hyperosmolar shock.
To recapitulate, results summarized in Table 1
show that near-growth inhibitory concentrations of
cecropin B induce a luminescence response only in
one strain, DPD2170 with osmY^lux fusion. This is
also the only strain that responds to the stress in-
duced by hyperosmolar NaCl or sucrose, but not
Fig. 5. E¡ect of [cecropin B] on the luminescence response.
From proton leakage-sensitive DPD2146 (R), and hyperosmo-
lar-sensitive DPD2170 (E). Dependence of the OD change for
DPD2170 is shown in the top panel. The luminescence response
measured after 60 min is expressed as the change with cecropin
B (L) relative to the change in its absence (Lc).
Fig. 6. The e¡ect of additives on the time course of plasmolysis. 0.3 M NaCl added induced a virtually instantaneous increase in the
90‡ scattering (normalized relative to the starting value) at 600 nm from suspension of E. coli strain RFM443 growing in the early
log phase in the LB medium. In virtually all such plasmolysis measurements that we have made, the recovery phase was satisfactorily
¢tted to a single exponential decay, and therefore the data points are shown only in few cases: control run without an additive (dots
with a single exponential decay ¢t), or with 30 WM CCCP (dotted curve), or with 20 WM NP (dashed curve) added 3 min before the
addition of 0.3 M NaCl. The continuous curve shows the change from the suspension preincubated for 30 min with 0.1 WM cecropin
B before the addition of 0.3 M NaCl. The intensities are normalized for the initial scattering.
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to NP or CCCP. Results with sucrose clearly rule out
a possible ionic competitive e¡ect of NaCl and cati-
onic cecropins on an ion-translocation site; however,
the osmotic stress by cecropin is quite speci¢c be-
cause strains that respond to other stresses do not
respond to cecropin A or B. Results with NP are
important controls because this polycationic peptide
makes the outer membrane leaky to other solutes
which will not normally reach the periplasmic space.
A lack of a signi¢cant e¡ect of NP, at a concentra-
tion that results in such leakiness, thus rules out the
possibility that the response is due to the disruption
of the outer membrane. Gramicidin A, with or with-
out NP (results not shown), did not elicit the tran-
scriptional luminescence increase in DPD2170, which
suggests that changes associated with the leakage of
cations are not responsible for the hyperosmotic
stress.
3.3. Cecropin B modulates the time course of
plasmolysis
The e¡ect of cecropin on the early event(s) trig-
gered by hyperosmotic stress was examined by mon-
itoring the time course of plasmolysis as a change in
the 90‡ light scattering. As shown in Fig. 6, cells
subjected to hyperosmolar stress with 0.3 M NaCl
show a biphasic change in the scattered light inten-
sity. The rapid phase is complete in less than 5 s, and
the slower phase is reasonably well ¢tted to a ¢rst
order exponential decay with half-time in hundreds
of seconds depending on the metabolic state of the
cell. Such a biphasic change in the cell size and
shape, monitored as scattering or turbidity change,
has been interpreted to be predominantly due to two
sequential events [37]. The initial rapid rising phase is
attributed to volume shrinkage of the cytoplasmic
compartment due to a rapid e¥ux of water from
the cytoplasm, and consequent rapid wrinkling of
the cytoplasmic membrane. This is followed by a
slower recovery phase attributed to the changes in
the outer membrane, and possibly to the onset of
osmoregulation mechanisms. Such short-term proxi-
mal biophysical and metabolic e¡ects, which restore
the cell shape, size and osmotic balance, are probably
also associated with the signal that triggers, and ul-
timately activates, the promoter for the osmY tran-
scription.
Fig. 7. The e¡ect of the order of addition of cecropin on the time course of plasmolysis. For curves a and aP, 0.3 M NaCl was added
at time = 0 to the untreated suspension of E. coli strain RFM443 as in Fig. 6. As marked in curve a (only the data points shown),
2 WM cecropin B was added at 140 s. For curves b and c, 0.5 or 2 WM cecropin B was added at 30 s, followed by 0.3 M NaCl added
at 160 s.
BBAMEM 77501 2-12-98
J.-T. Oh et al. / Biochimica et Biophysica Acta 1415 (1998) 235^245 241
The relationship between the e¡ect of cecropin and
the hyperosmotic shock is apparent in these measure-
ments that re£ect the early events in response to the
stresses. Results in Fig. 6 show that E. coli grown
with 0.1 WM cecropin B for 30 min in the log phase
exhibit a signi¢cantly lower magnitude of the rapid
increase in the scattering induced by 0.3 M NaCl.
The half-time for the recovery phase, which seems
to follow a single exponential decay, also decreases
by a factor of two from 140 s to 60 s. In contrast, 20
WM NP or 30 WM CCCP decrease the half-times for
the recovery to less than 30 s without a noticeable
e¡ect on the amplitude of the scattering increase in
the initial rapid phase. These results suggest that the
characteristic e¡ect of cecropin B is on the extent of
the rapid shrinkage of the cytoplasmic compartment
and the shrinkage of the cytoplasmic membrane of
E. coli.
A more pronounced and rapid e¡ect on the time
course of plasmolysis, seen at higher concentrations
of cecropin B (Fig. 7), is particularly instructive. A
small decrease in the scattering is seen within 120 s
after the addition of 0.5 WM cecropin (curve b). The
rapid increase in the scattered light intensity after the
addition of 0.3 M NaCl at 160 s is signi¢cantly
smaller than that seen with NaCl added in the ab-
sence of cecropin (shown as the increase at time = 0 s.
in curve aP). Similarly, curve c shows that virtually
no NaCl-induced increase in the scattering is seen
with cells pretreated with 2 WM cecropin, which by
itself lowers the scattering of the cells. In contrast, as
shown by dots of curve a, 2 WM cecropin added to
the NaCl challenged cells in the recovery phase, does
not have a noticeable e¡ect on the scattering. A sim-
ilar lack of cecropin response from the NaCl chal-
lenged cells is seen through virtually the whole range
of the recovery phase. These results suggest that one
of the early e¡ects of cecropin is to inhibit the rapid
hyperosmotic shrinkage response of viable E. coli.
Since 2 WM cecropin added after the onset of the
shrinkage did not have a noticeable e¡ect on the
recovery phase, we interpret these order of addition
dependent di¡erences in the scattering change to sug-
gest that cecropin interferes with the coupling be-
tween the inner and the outer membrane.
Fig. 9. A model for cecropin-mediated contacts between the
two membranes of E. coli. We postulate that cecropin forms a
stable contact between the two phospholipid interfaces enclos-
ing the periplasmic space. Such contacts inhibit the extent of
wrinkling of the cytoplasmic membrane as accompanied by
shrinkage of the cytoplasmic volume induced by water e¥ux
due to hyperosmotic shock (plasmolysis).
Fig. 8. Depletion of cecropin during the long-term growth. Ef-
fect of 5 WM cecropin A added at the arrow on the lumines-
cence (circles on the log scale to the left) or OD600 (squares,
linear scale to the right) from TV1048 strain of E. coli. The tur-
bidity and the luminescence reverts spontaneously after 20 h of
incubation, and the growth inhibition is seen on the addition of
a fresh aliquot of cecropin.
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3.4. Cecropin is slowly inactivated during the cell
growth
As shown in Fig. 8, the growth of E. coli strain
TV1048 is virtually completely inhibited by 5 WM
cecropin A, which is 50 times above its MIC. How-
ever, the growth resumes after about 20 h. Addition
of 5 WM cecropin A at 30 h again shows a signi¢cant
growth inhibitory e¡ect as shown by the lumines-
cence decrease by a factor of 100, whereas the de-
crease in OD600 is about 20%. The recovery after 20
h suggests that the apparent adaptation is due to the
loss of cecropin A, possibly a proteolytic cleavage.
Although we have not investigated this phenomenon
in detail, the results suggest that the cells do not lyse
on the addition of 5 WM cecropin, that is, 50-times
MIC, but possibly go into stasis where the lac tran-
scription is turned o¡.
4. Discussion
Like many other antimicrobial peptides isolated
from a wide range of organisms [1], cecropins are
produced by silkworm species [39,40] as a part of
the innate immune defence mechanism. Like many
cationic peptides, cecropins do perturb phospholipid
bilayer at relatively high mol% [11^18,41,44]; how-
ever, the structural and target speci¢city of these
peptides is not readily accounted for by such non-
speci¢c membrane perturbing e¡ects. Protocols de-
scribed in the preceding section not only rule out
leakage and associated e¡ects as the basis for anti-
microbial action of cecropin, they also permit iden-
ti¢cation of the primary stress experienced by viable
E. coli treated with cecropin. A common locus of
antimicrobial action is suggested by the fact that
the pattern of transcriptional responses by cecropins
is remarkably similar to that with polymyxin B [38]
and several other antibacterial peptides (Oh et al., in
preparation).
An appreciation of the e¡ects that control the
transcriptional response from lux-fusion strains is a
useful prelude to understanding a novel locus of anti-
microbial e¡ect. The stress response is measured at
concentrations below the growth inhibitory concen-
trations where the treated cells can respond and
achieve homeostasis. The response is seen below
the MIC for the growth, i.e., before most metabolic
processes are turned o¡. By design the luminescence
response provides a measure of the physiological
change that requires onset of transcription, thus the
response time for the sublethal doses is several min-
utes. In the carbon-starved constitutive strain
TV1048, where the ATP-requiring lux genes are al-
ways turned on, the response time for the energy or
proton gradient loss is considerably faster. This is
also the case for the e¡ect of CCCP, a well known
proton translocator. Such a loss of luminescence in
all strains also results from a loss of viability and an
accompanying loss of ATP levels or proton gradient.
Since cecropins do not dissipate the proton gradient
in E. coli, all mechanisms that invoke leakage of
cytoplasmic content as the basis for the primary
stress induced by cecropin A and B are now ruled
out. Similarly, the pro¢le of the e¡ects of NP shows
that the e¡ect of cecropin is not just due to the dis-
ruption of the lipopolysaccharide layer. The fact that
the antimicrobial e¡ect, osmotic stress and the pro-
ton leakage is not induced by NP at concentrations
that disrupt the outer membrane and make it perme-
able to larger solutes [28,29], suggests the disruption
of the outer membrane and transfer of cecropin
through the outer layer may be a necessary but not
su⁄cient condition for the antimicrobial e¡ect
against Gram-negative organisms. Similarly, it is un-
likely that the antimicrobial peptides like cecropin
enter the cytoplasmic space, unless of course a spe-
ci¢c transport mechanism is invoked for which we do
not have any evidence.
The osmY gene product is a periplasmic protein.
Although its function is not known, transcription of
osmY in E. coli is regulated and induced by hyper-
osmolarity, nutrient starvation, and possibly by oth-
er regulatory circuits that ultimately lead to the sta-
tionary phase [42,43]. It is intriguing that not only
the osmY transcription end result of cecropin or hy-
perosmotic stress is the same, but the rapid scatter-
ing changes induced by hyperosmotic stress are
blocked in the presence of cecropin. So a key issue
is the identity of the common initial locus of action
of these two apparently diverse stresses. Remarkably
parallel response pro¢les for the two stresses to a
range of variables suggest that the common basis
may lie in events that require coupling of the inner
and the outer membrane in Gram-negative organ-
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isms. The order of addition results in Fig. 7 show
that cecropin-treated cells exhibit a considerably
smaller increase in the scattering induced by hyper-
osmolar NaCl. On the other hand, cecropin added
after the addition of NaCl has little or no such
e¡ect. An interpretation of this dramatic e¡ect of
the order of addition of the two stresses is shown
in Fig. 9. We postulate that cecropin in the peri-
plasmic space makes stable contacts between the in-
ner and outer membranes, which prevent the shrink-
age of the cytoplasmic compartment in response to
the hyperosmotic water e¥ux. On the other hand, if
cells are subjected to hyperosmotic stress ¢rst,
shrinkage of the cytoplasmic volume will pull the
cytoplasmic membrane away from the vicinity of
the outer membrane, and thus it is not possible to
form contacts between the two phospholipid mono-
layer interfaces that enclose the periplasmic space.
We are examining consequences of this antimicrobial
mechanism where the primary antimicrobial target
may be the contact formation between the phospho-
lipid bilayer [44,45].
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